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SUMMARY 
I n  t h e  a r e a  of a i r  p o l l u t i o n ,  t e s t  a e r o s o l s  c o n s i s t i n g  of s i z e d  
monodispersed p a r t i c l e s  a r e  u s e f u l  i n  d u s t  i n h a l a t i o n  s t u d i e s ,  i n  mete- 
o r o l o g i c a l  d i spe r s ion  tests, and i n  appa ra tus  c a l i b r a t i o n .  Monodispersed 
p a r t i c l e s  which can be e a s i l y  produced i n  q u a n t i t y  would c o n t r i b u t e  
s i g n i f i c a n t l y  t o  a c t i v i t i e s  i n  t hese  a r e a s .  Previous r e sea rch  on me ta l  
hydrous oxide s o l s  l e d  t o  a method of producing monodispersed p a r t i c l e s  
i n  t h e  one t o  f i v e  micrometer range,  and s t u d i e s  on i r o n  co r ros ion  l e d  
t o  t he  formation of near  s p h e r i c a l  f e r r i c  s u l f a t e  p a r t i c l e s .  The r e sea rch  
repor ted  h e r e i n  was concerned wi th  i n v e s t i g a t i o n  of p a r t i c l e  product ion 
parameters such a s ;  temperature rise, l eng th  of r e a c t i o n  a t  80°c,  pH, and 
r a t i o  of [ Fe+? t o  1 so4-? i n  o rde r  t o  e s t a b l i s h  t h e  necessary  cond i t i ons  
f o r  producing monodispersed s p h e r i c a l  p a r t i c l e s  on a l a r g e  s c a l e .  
I n  a l l  t e s t s  monodispersed f e r r i c  s u l f a t e  p a r t i c l e s  were formed, 
b u t  a  lowered pH caused a  n o t i c e a b l e  change i n  p a r t i c l e  morphology. Spher- 
i c a l  p a r t i c l e s  were not formed f o r  any cond i t i on  t e s t e d .  The p a r t i c l e s  
formed were t runca ted  cubes wi th  two opposing c o m e r s  f l a t t e n e d .  Ferrous 
s u l f a t e  c r y s t a l s  formed i n  a  few t e s t s ;  t hese  appeared a s  t h i n  needle- 
l i k e  c r y s t a l s  and were a t t r i b u t e d  t o  use of s t o r e d  s o l u t i o n s  which were 
one o r  two weeks o ld .  It was hypothesized t h a t  t he  f e r r i c  i ons  had time 
t o  undergo reduct ion  t o  t h e  f e r r o u s  s t a t e .  Fresh s o l u t i o n s  c o n s i s t e n t l y  
gave good c u b i c a l  p a r t i c l e s ,  and t h e  method of product ion proved quick,  
easy,  and reproducib le .  
It w a s  determined t h a t  a l i n e a r  r e l a t i o n s h i p  e x i s t e d  between p a r t i -  
v i i  
c l e  s i z e  and r e a c t i o n  t i m e .  Therefore,  t h e  r e a c t i o n  t i m e  necessary t o  
produce s p e c i f i c  s i z e  p a r t i c l e s  can be  predetermined. 
A temperature rise of 1.5Oc/min. was found t o  be  an  important  
parameter f o r  p a r t i c l e  product ion.  To i n s u r e  a l i n e a r  temperature r i s e ,  
a tubu la r  complex wi th  good h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  i s  suggested 
a s  a method f o r  l a r g e  s c a l e  product ion of t h e  f e r r i c  s u l f a t e  p a r t i c l e s .  
Monodispersed f e r r i c  s u l f a t e  p a r t i c l e s  were produced and s t o r e d  
i n  d i s t i l l e d  water.  Sphe r i ca l  p a r t i c l e s  could n o t  be generated by chang- 
i n g  pH o r  molar r a t i o s .  Longer r e a c t i o n  t imes may c o n t r i b u t e  t o  increased  
s p h e r i c i t y .  Large s c a l e  product ion appears  f e a s i b l e  i f  good h e a t  t r a n s f e r  
and uniform hea t ing  can be obta ined .  
CHAPTER I 
INTRODUCTION 
Recent concern i n  t h e  a r e a  of a i r  p o l l u t i o n  has c r e a t e d  a  g r e a t e r  
need f o r  t e s t  a e r o s o l s  f o r  use  i n  air p o l l u t i o n  monitor ing and c o n t r o l .  
Such a e r o s o l s  a r e  used i n  t h e  c a l i b r a t i o n  of measuring appara tus ,  i n  
s t u d i e s  r e l a t e d  t o  t h e  i n h a l a t i o n  of p a r t i c l e s ,  and i n  research  on t h e  
chemical and phys i ca l  p r o p e r t i e s  of a i r b o r n e  p a r t i c l e s .  I n  a c t i v i t i e s  
where an a e r o s o l  is needed, i t  i s  advantageous t o  be a b l e  t o  u se  a  mono- 
d ispersed  ae roso l .  A monodispersed a e r o s o l  is  def ined  a s  one t h a t  con ta ins  
p a r t i c l e s  a l l  of t h e  same s i z e .  I d e a l l y ,  t h i s  would be an a e r o s o l  whose 
p a r t i c l e s  e x h i b i t  a s tandard  dev ia t ion  of zero and a  geometric s tandard  
dev ia t ion  of u n i t y  ( o  = 0.0, o = 1 .0 ) .  Most mondispersed a e r o s o l s  
g  
manufactured today have a  f i n i t e  s tandard  d e v i a t i o n  and a geometric 
s tandard  d e v i a t i o n  s l i g h t l y  g r e a t e r  than u n i t y .  Increased advantage accrues  
with ae roso l s  of s p h e r i c a l  p a r t i c l e s .  This  advantage r e s u l t s  f r o m  the  f a c t  
t h a t  s p h e r i c a l  p a r t i c l e s  do n o t  change apparent  s u r f a c e  area when examined 
i n  va r ious  o r i e n t a t i o n s .  The s p h e r i c a l  c h a r a c t e r i s t i c  makes them p a r t i c -  
u l a r l y  u se fu l  i n  l i g h t  s c a t t e r i n g  techniques f o r  p a r t i c l e  s i z e  a n a l y s i s .  
The a b i l i t y  t o  form monodispersed p a r t i c l e s  of va r ious  s i z e s  i n  s i t u  
would be advantageous as would t h e  c a p a b i l i t y  f o r  accu ra t e ly  reproduc- 
i ng  p a r t i c l e s  us ing  r e l a t i v e l y  easy  methods and wi th  simple glassware 
and equipment. Where p a r t i c l e s  a r e  f r equen t ly  used, a c a p a b i l i t y  f o r  
genera t ion  and s t o r a g e  of l a r g e r  q u a n t i t i e s  of monodispersed p a r t i c l e s  
would be p a r t i c u l a r l y  u se fu l .  
Recent r e sea rch  by Mat i j ev i e ,  e t  a l .  El, 2, 3,  41 i n d i c a t e s  t h a t  
p a r t i c l e s  of va r ious  meta l  hydrous oxide s o l s  a r e  monodispersed. Ind ica-  
t i o n s  a r e  t h a t  t h e s e  f e r r i c  hydrous oxide s o l s  can be generated i n  a  
near s p h e r i c a l  shape i n  t h e  one t o  t h r e e  micrometer (pm) diameter region.  
The purpose of t h e  r e sea rch  r epor t ed  h e r e i n  was t o  d u p l i c a t e  and 
vary  the techniques of Mat i jev ie  so  as t o  determine i f  p r a c t i c a l  q u a n t i t i e s  
of monodispersed p a r t i c l e s  of s e l e c t e d  s i z e s  could be produced us ing  
r e a d i l y  a v a i l a b l e  equipment and s t r a igh t fo rward  methods. Emphasis was 
d i r e c t e d  t o  a s c e r t a i n  t hose  parameters  o r  techniques which would i n c r e a s e  
the  s p h e r i c i t y  of t h e  p a r t i c l e .  
The genera t ion  of monodispersed p a r t i c l e s  has been t h e  o b j e c t i v e  
of cons iderable  r e sea rch  i n  t h e  p a s t .  Ear ly  e f f o r t s  on systems making 
use  of gold [ 51 , selenium [ 61 , s i l i c a  [ 7,8,9] , s i l v e r  h a l i d e s  [ 101 , s u l f u r  
[ ill , [ 121 , and barium s u l f a t e  [ 131 have been r epor t ed  i n  t h e  l i t e r a t u r e .  
Although monodispersed p a r t i c l e s  were produced they were usua l ly  very  
small .  For example, s i l i c a  p a r t i c l e s  of 0 .1  pm diameter  [ 91, s u l f u r  s o l s  
of 0.5 pm diameter  [ l l l ,  and gold p a r t i c l e s  of 0.02 pm diameter  [5 ]  have 
been repor ted .  Product ion of s i l i c a  p a r t i c l e s  i n  t h e  1-2 pm diameter 
range were r epo r t ed  i n  one case  [81, bu t  p a r t i c l e  s i z e s  could n o t  be 
p r e c i s e l y  c o n t r o l l e d .  Occasional ly,  a h igh  s tandard  d e v i a t i o n  of s i z e s  
r e s u l t e d .  
Development of po lys tyrene  l a t e x  p a r t i c l e s  1141 i n  t h e  0.09 - 
1.1 pm range and polyvinyl  t o luene  l a t e x  p a r t i c l e s  i n  t h e  1-6 pm range 
by Dow Chemical Company personnel  permi t ted  genera t ion  of a e r o s o l s  by 
atomizing d i l u t e  suspensions of t hese  p a r t i c l e s .  However, t h e  r e s i d u a l  
s t a b i l i z e r  p re sen t s  a nuisance background t h a t  i s  e s p e c i a l l y  troublesome 
when l i g h t  s c a t t e r i n g  methods of a n a l y s i s  are used [15 ] .  Po r t ions  of t h e  
s t a b i l i z e r  which do no t  con ta in  l a t e x  p a r t i c l e s  a r e  atomized. A s  t h e  
suspension l i q u i d  evapora tes ,  t h e  d r i e d  s t a b i l i z e r  forms small p a r t i c l e s  
with s i z e s  d i f f e r i n g  from t h a t  of t h e  l a t e x .  This  d i s t o r t s  t h e  s i z e  
d i s t r i b u t i o n  of t h e  r e s u l t i n g  ae roso l .  
Recent work i n  t h e  area of m e t a l  hydrous oxide  s o l s  has  opened 
a new a r e a  of e s s e n t i a l l y  monodispered p a r t i c l e  genera t ion .  Chromium 
hydroxide hydrosols  [ l ,  16  1 were produced f i r s t  , b u t  t h e s e  s p h e r i c a l  par- 
t i c l e s  had a modal diameter of 300 mu and took up t o  21 hours t o  gene ra t e .  
Copper hydrous oxide  s o l s  have been produced [21, b u t  t h e  s i z e  d i s t r i b u -  
t i o n  var ied .  La te r ,  aluminum hydrous oxide s o l s  were produced t h a t  exhib- 
i t e d  very  n e a r l y  a s p h e r i c a l  shape r3, 1 7  1. However, t h e  ag ing  per iod  
took up t o  48 hours.  A number of i n v e s t i g a t i o n s  us ing  f e r r i c  hydrous 
oxides  have been repor ted .  Deposi ts  of 8-FeOOH c r y s t a l s  by Watson and 
Carde l l  r181 showed formation of p a r t i c l e s  w i th  remarkably uniform s i z e s .  
Hydroly t ic  polymerizat ion of f e r r i c  c i t r a t e  [191 gave s p h e r i c a l  p a r t i c l e s  
0 
wi th  a diameter  of 72+ 9 A  which p l aces  them i n  the  ca tegory  of monodis- 
persed p a r t i c l e s .  I n  later work on c r y s t a l  nuc lea t ion ,  Atkinson, e t  a l .  
[ 201 v a r i e d  parameters such a s  hydro lyza t ion  r e a c t i o n  t i m e ,  and r e a c t i o n  
pH. The p a r t i c l e s  t h a t  w e r e  produced w e r e  n e i t h e r  s p h e r i c a l  no r  monodis- 
persed. Following t h i s  work wi th  meta l  hydrous oxide s o l s ,  Mat i jev ie  
produced f e r r i c  s u l f a t e  p a r t i c l e s  t h a t  were indeed monodispersed [ 4 3 .  
+ 3 
Mati jev ie  r epo r t ed  t h a t  by combining proper  molar r a t i o s  of [ ~ e  1 t o  
- Z 
[ SO4 1 , using f i l t e r e d  s o l u t i o n s  t o  a s s u r e  homogeneous nuc lea t ion ,  and 
c o n t r o l l i n g  t h e  r a t e  of temperature rise, near  s p h e r i c a l ,  monodispersed, 
1 t o  5 urn diameter p a r t i c l e s  could b e  produced. React ion t imes of one 
t o  t h r e e  hours  were used. The c o n t r o l  of t h e  r a t e  of temperature rise 
from room t o  a pre-se t  r e a c t i o n  temperature was s p e c i f i e d  a s  a n  important  
v a r i a b l e  . 
CHAPTER I1 
INSTRUMENTATION AND EQUIPMENT 
The simple equipment req.uirements and t h e  s t r a igh t fo rward  prepar-  
a t i o n  methods make the  Mat i j ev i e  technique a  d e s i r a b l e  and quick way 
of producing monodispersed p a r t i c l e s .  I n  a d d i t i o n  t o  t h e  chemicals,  t h e  
equipment r equ i r ed  c o n s i s t s  of convent iona l  l abo ra to ry  glassware and a 
c o n t r o l l a b l e  hot  p l a t e  o r  hea t ing  device.  I n  o r d e r  t o  produce monodis- 
persed p a r t i c l e s ,  they  must be formed via homogeneous nuc lea t ion .  This  
r e q u i r e s  t h a t  both the glassware and t h e  r e a c t i o n  s o l u t i o n s  be  very  c l e a n  
and f r e e  of f o r e i g n  p a r t i c l e s  which may cause heterogeneous nuc lea t ion .  
The chemicals used f o r  t h e  r e a c t i o n  s o l u t i o n s  were obta ined  from 
Fisher  S c i e n t i f i c  Company and were USP reagent  grade and thus  requi red  
no f u r t h e r  p u r i f i c a t i o n .  The chemicals included f e r r i c  s u l f a t e  Fe 
2 
(S04)3, f e r r i c  n i t r a t e  Fe(N0 ) sodium s u l f a t e  Na SO and urea  NH COW2. 3 3'  2 4' 2 
Chormic a c i d  c l ean ing  s o l u t i o n ,  hydrochlor ic  a c i d  HC1,  and sodium hydroxide 
NaOH s o l u t i o n s  were used f o r  t h e  c l ean ing  of glassware,  and a d i l u t e  
n i t r i c  a c i d  HNO s o l u t i o n  was used f o r  washing of t h e  p a r t i c l e s  a f t e r  3 
r eac t ion .  An amyl a c e t a t e  and n i t r o c e l l u l o s e  s o l u t i o n  w a s  used as a 
medium f o r  containment of t h e  p a r t i c l e s  on t h e  specimen g r i d s  t h a t  were 
requi red  f o r  e l e c t r o n  microscope examination. This  s o l u t i o n  a l s o  served 
t o  d i s p e r s e  the  p a r t i c l e s  and a ided  i n  the  a n a l y s i s  procedure. To a s s u r e  
homogeneous nuc lea t ion  pyrogen-free d i s t i l l e d  water  was used i n  prepar ing  
the  so lu t ions .  According t o  Zei f  and Speights  [ 2 1 ] ,  t h i s  water  has twice 
the s p e c i f i c  r e s i s t i v i t y  of double d i s t i l l e d  water .  
A l l  s o l u t i o n  s t o r a g e  b o t t l e s  and a l l  r e a c t i o n  tubes  r e q u i r e  r i g -  
orous c leaning  t o  avoid contaminat ion of t he  s o l u t i o n s .  The method of 
c leaning  the  glassware was t h a t  employed by Mati jeviE [ 4  1; i t  cons i s t ed  
of immersing t h e  glassware i n  6M hydrochlor ic  ac id  f o r  one hour ,  i n  
chromic ac id  c l ean ing  s o l u t i o n  f o r  one-half hour ,  and i n  6 M  sodium 
hydroxide f o r  ano the r  ha l f  hour.  The glassware was then r i n s e d  twice 
i n  d i s t i l l e d  water  and d r i e d  i n  a d u s t  f r e e  environment. 
A Mi l l i po re  f i l t e r  system was used t o  f i l t e r  t h e  f e r r i c  n i t r a t e ,  
sodium s u l f a t e ,  f e r r i c  s u l f a t e ,  urea,  and n i t r i c  a c i d  s o l u t i o n s  used i n  
t h e  exper imenta l  phase. A 0.45 pm f i l t e r  served t o  remove 
p a r t i c u l a t e  contaminates.  The f i l t e r  system cons i s t ed  of two Erlynmeyer 
vacuum f l a s k s  i n  s e r i e s  t o  a s s u r e  t h a t  no water could be  drawn back i n t o  
t h e  s o l u t i o n  be ing  f i l t e r e d .  The f i l t e r e d  s o l u t i o n s  were s t o r e d  i n  pre- 
v ious ly  cleaned and d r i e d ,  g l a s s  s toppered ,  pyrex g l a s s  j a r s  f o r  l a t e r  
use.  Teflon capped pyrex c u l t u r e  tubes which measured 25 x 150 rnm w e r e  
s e l e c t e d  as v e s s e l s  f o r  r e a c t i o n  of t h e  f e r r i c  n i t r a t e  and sodium s u l f a t e  
and t h e  r e a c t i o n  of t he  sodium s u l f a t e  and the  urea .  A simple cardboard 
s tand  was cons t ruc t ed  t o  hold t h e  tubes  i n  a beaker f i l l e d  wi th  minera l  
o i l .  A Coming, Model PC-351, h o t  p l a t e  and magnetic stirrer was used 
t o  h e a t  and stir t h e  o i l  ba th .  Two thermometers were used, one t o  i n d i -  
c a t e  t h e  temperature i n  t h e  o i l  b a t h  and t h e  o t h e r  t h e  temperature i n s i d e  
one of the  c u l t u r e  tubes.  This  arrangement permi t ted  de termina t ion  of 
t he  temperature l a g  w i t h i n  t h e  r e a c t i o n  tube.  The r a t e  of h e a t i n g  was 
c o n t r o l l e d  manually wi th  t h e  hot  p l a t e  c o n t r o l l e r .  
A convent ional  t e s t  tube  c e n t r i f u g e  was employed t o  s e p a r a t e  t he  
p a r t i c l e s  from the  r e a c t i o n  l i q u o r  and washing s o l u t i o n .  Cen t r i fuga t ion  
w a s  accomplished a t  3600 RPM i n  o rde r  t o  a s s u r e  s e p a r a t i o n  b u t  t o  avoid 
packing the  p a r t i c l e s  too t i g h t l y  which would prevent  ea sy  r ed i spe r s ion .  
P a r t i c l e  examination was done wi th  a n  e l e c t r o n  microscope. A JOEL, JEM- 
30, t ransmission e l e c t r o n  microscope having magni f ica t ions  of 2000x, 
3000x and 4000x was used. This  magn i f i ca t ion  range  i s  a p p r o p r i a t e  f o r  
observing p a r t i c l e s  i n  t h e  1-3 pm range.  Two-hundred mesh carbon- 
co l lod ion  coated copper g r i d s  w e r e  used f o r  examination of t h e  p a r t i c l e s .  
These g r i d s  were coa ted  i n  a vacuum system and were obtained from t h e  
Georgia Tech Engineering Experiment Station. The e l e c t r o n  micrographs 
of t h e  p a r t i c l e s  were taken w i t h  the  35 mm camera t h a t  i s  an i n t e g r a l  
p a r t  of t h e  e l e c t r o n  microscope. A c a l i b r a t i o n  g r i d  w a s  ob ta ined  from 
Ernes t  F. Fullam Inc:., Schenectady, N.Y. This  c a l i b r a t i o n  g r i d  w a s  
photographed a t  t he  va r ious  magni f ica t ions  i n  o r d e r  t o  determine p a r t i c l e  
s i z e s .  Analysis  of t h e  p a r t i c l e s  f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n  w a s  done 
on a Zeiss P a r t i c l e  S ize  Analyzer u t i l i z i n g  t h e  e l e c t r o n  micrographs. 
The de termina t ion  of t h e  p a r t i c l e  l a t t i c e  parameters  w a s  accomplished by 
d i r e c t  p r o j e c t i o n  of t h e  nega t ives  us ing  a s l i d e  p r o j e c t o r .  
CHAPTER 111 
PROCEDURE 
The procedures i n  t h e  work done by Mat i jev i6 ,  -- et a l . [4 ]  w e r e  
dupl ica ted  except  t h a t  the  r a t e  of hea t ing  was manually con t ro l l ed .  This  
involved the  genera t ion  of f e r r i c  hydrous oxide s o l  by hea t ing  d i l u t e  
- 2 
s o l u t i o n s  of salts conta in ing  ~ e + ~  and SO4 i ons  i n  a hydrous medium. 
The temperature of t he  salt  s o l u t i o n s  were slowly r a i s e d  from approximately 
22'~ (room temperature) t o  80'~ and t h e  s o l u t i o n  w a s  maintained a t  t h i s  
temperature f o r  a pre-set  per iod  of t ime. With t h e  rise i n  temperature 
t h e  s o l u t i o n  becomes supe r sa tu ra t ed ,  nuc lea t ion  begins ,  and subsequent 
p a r t i c l e  growth i s  i n i t i a t e d .  Growth cont inues  whi le  t h e  s o l u t i o n  i s  a t  
8 0 ' ~ .  P a r t i c l e  growth was terminated by c h i l l i n g  t h e  s o l u t i o n  i n  an  i c e  
ba th .  Severa l  parameters of s o l  genera t ion  were v a r i e d ,  and t h e  resu l -  
t a n t  p a r t i c l e s  were examined f o r  changes i n  p a r t i c l e  s i z e  and shape. 
+3 
Parameters v a r i e d  included pH, s o l u t i o n  concent ra t ion ,  r a t i o  of C F ~  1 t o  
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[ S O 4  1, r a t e  of r i s e  of temperature,  and per iod  of growth a t  80'~. 
A 0.18M f e r r i c  n i t r a t e  s o l u t i o n  and a 0.53M sodium s u l f a t e  solu-  
t i o n  were prepared by weighing reagent  grade f e r r i c  n i t r a t e  and sodium 
s u l f a t e  and mixing each w i t h  d i s t i l l e d  water .  Using a M e t t l e r  balance,  
18.18 grams of f e r r i c  n i t r a t e  and 18.82 grams of sodium s u l f a t e  were 
weighed then d i l u t e d  t o  250 m l s .  i n  p rev ious ly  cleaned volumetr ic  g l a s s -  
ware. The s o l u t i o n s  were no t  checked a g a i n s t  a s tandard  s i n c e  t h e  work 
by MatijeviE [ 4 ]  implied t h a t  such accuracy was n o t  necessary.  The solu-  
t i o n s  were immediately f i l t e r e d  through a 0.45 urn M i l l i p o r e  f i l t e r  
and s t o r e d  i n  c lean ,  d ry ,  pyrex g l a s s  s toppered b o t t l e s .  The s o l u t i o n s  
were no t  used a f t e r  more than two weeks of s to rage .  
Two tubes were used f o r  each t e s t ,  and 10 m l .  of each s o l u t i o n  
was p i p e t t e d  i n t o  each tube. These tubes  were then  submerged i n t o  a  mag- 
n e t i c a l l y  s t i r r e d  o i l  bath.  The o i l  ba.th was a  1000 m l .  beaker f i l l e d  
wi th  mineral  o i l  which was heated and a g i t a t e d  on t h e  h o t  p l a t e .  The 
temperature of t h e  b a t h  was r a i s e d  us ing  the  manual c o n t r o l  on t h e  h o t  
p l a t e .  I n  us ing  t h e  manual h e a t  c o n t r o l ,  t h e  a t tempt  t o  main ta in  a  
l i n e a r  temperature r i s e  u s u a l l y  r e s u l t e d  i n  temperature i n c r e a s e s  of 
1 . 4  t o  1.7 'C per  minute. The temperature of t h e  b a t h  was recorded each 
minute and once the  temperature w a s  a t  8 0 ' ~  i t  w a s  held t h e r e  f o r  t h e  
s p e c i f i c  pe r iods  of time necessary  t o  produce va r ious  p a r t i c l e  s i z e s .  
The longer  t h e  time. a t  80°c, t h e  l a r g e r  t h e  p a r t i c l e s .  Af t e r  t h e  r e a c t i o n  
time a t  8 0 ' ~  had expi red ,  t h e  pyrex tube  w a s  i n s e r t e d  i n t o  an  i c e  ba th  
t o  r e t a r d  any f u r t h e r  growth. Following a  few minutes i n  t h e  i c e  ba th ,  
t h e  s o l u t i o n s  w e r e  t r a n s f e r r e d  t o  prev ious ly  cleaned and d r i e d  t e s t  tubes.  
The tubes then  were cen t r i fuged  a t  approximately 3600 RPM t o  s e p a r a t e  t h e  
p a r t i c l e s .  The superna tan t  s o l u t i o n  w a s  poured o f f ,  and t h e  p a r t i c l e s  
were red ispersed  i n  a  few m l .  of 0.05 n i t r i c  a c i d  s o l u t i o n  which gave 
the  same pH as t h e  r e a c t i o n  media; t h e  tubes  were then cen t r i fuged  once 
again. This  washing wi th  t h e  d i l u t e  n i t r i c  a c i d  s o l u t i o n  w a s  repea ted  
fou r  t i m e s  t o  remove t h e  l e f t o v e r  r e a c t i o n  s a l t s  which would i n t e r f e r e  
i n  t he  e l e c t r o n  microscope examination. The repea ted  washing a l s o  helped 
remove f i n e s  and any undersized growth which would des t roy  t h e  monodis- 
p e r s i t y  of the  p a r t i c l e s .  The p a r t i c l e s  were f i n a l l y  poured on g l a s s  
s l i d e s  t o  be d r i e d .  
P repa ra t ion  f o r  examination under t h e  e l e c t r o n  microscope was the  
next  s t e p  and followed immediately a f t e r  t he  c e n t r i f u g i n g  and drying of 
t h e  p a r t i c l e s .  The techniques followed f o r  e l e c t r o n  microscope g r i d  pre- 
p a r a t i o n  were from Desmond Kay [22]  and O r r  and DallaValle  f23]. 
Two-hundred mesh copper g r i d s  vacuum coated wi th  a carbon-collodion 
f i l m  were provided by t h e  Ana ly t i ca l  Ins t rumenta t ion  Lab of the Georgia 
Tech Engineering Experiment S t a t i o n .  The p a r t i c l e s  were d i spe r sed  on t h e  
g r i d s  through t h e  use  of a f i v e  percent  by weight n i t roce l lu lose-amyl  
a c e t a t e  so lu t ion .  The c e l l u l o s e  w a s  d i s so lved  i n  reagent  grade amyl 
a c e t a t e  and a drop of t h i s  s o l u t i o n  was placed on t h e  s l i d e  wi th  the  
d r i e d  p a r t i c l e s .  Using ano the r  s l i d e ,  t h i s  a c e t a t e  s o l u t i o n  was spread 
t o  form a t h i n  coa t ing  of t he  f i l m  over t he  p a r t i c l e s .  The f i l m  w a s  
immediately d r i e d  by blowing g e n t l y  on it. The mois ture  i n  t he  b rea th  is  
important i n  t h a t  i t  a i d s  i n  pee l ing  the  f i l m  o f f  t he  s l i d e .  The f i l m  
w a s  t hen  c u t  i n t o  g r i d  s i z e  s e c t i o n s ,  and these  s e c t i o n s  were f l o a t e d  of f  
t h e  s l i d e  by slowly dipping t h e  s l i d e  i n t o  a beaker of d i s t i l l e d  water .  
The g r i d s  were then dipped under t hese  f l o a t i n g  s e c t i o n s  s o  t h a t  t h e  
f i l m  wi th  t h e  p a r t i c l e s  adhered t o  t he  g r i d .  Af t e r  dry ing  on f i l t e r  
paper, t h e  g r i d  w a s  ready f o r  examination i n  t h e  e l e c t r o n  microscope. 
Following v i s u a l  examination, s e l e c t e d  g r i d s  were photographed 
us ing  t h e  b u i l t - i n  35 mm camera of t h e  e l e c t r o n  microscope. Two tech- 
n iques  were used t o  a i d  i n  t h e  a n a l y s i s  and s i z i n g  of the  photographed 
p a r t i c l e s .  I n  t h e  f i r s t  method t h e  p a r t i c l e s  were s i z e d  us ing  t h e  c i r c u l a r  
a p e r t u r e  of a Zeiss, TCZ3, P a r t i c l e  S i z e  Analyzer. The l i n e a r  summation 
mode of the  Zeiss  Analyzer was employed because t h e  p a r t i c l e s  appeared 
t o  be very  nea r ly  monodispersed. 
Because t h e  p a r t i c l e s  appeared t o  b e  cubic  r a t h e r  than s p h e r i c a l  
i n  shape, t h e i r  d i f f e r e n t  l i n e a r  dimensions would be a  func t ion  of orien- 
t a t i o n ,  hence some ques t ion  e x i s t e d  a s  t o  t h e  v a l i d i t y  of t h i s  measurement 
technique.  I n  the  second method, t h e  e l e c t r o n  micrograph nega t ives  were 
pro jec ted  on a  l a r g e  sc reen  using a  Kodak, 620, S l i d e  P r o j e c t o r .  
P a r t i c l e  dimensions were t h e n  measured on t h e  sc reen  and recorded 
along wi th  the o t h e r  t e s t  parameters.  These d a t a  were employed i n  de t e r -  
mining p a r t i c l e  monodispersi ty  and i n  ob ta in ing  a measure of t h e  r e l a t i o n -  
s h i p  between p a r t i c l e  s i z e  and r e a c t i o n  time. The e l e c t r o n  micrograph 
p r o j e c t i o n s  a l s o  helped i n  t h e  s tudy  of t h e  a f f e c t  of parameter v a r i a t i o n s  
on the  p a r t i c l e  c h a r a c t e r i s t i c s .  Other scanning e l e c t r o n  micrographs 
w e r e  made t o  a i d  i n  determining p a r t i c l e  shape. 
CHAPTER I V  
RESULTS AND DISCUSSION OF RESULTS 
Over twenty-five p a r t i c l e  product ion t e s t s  were made during the  
course of t h i s  research .  Each was i d e n t i f i e d  by assignment of a number 
corresponding t o  t h e  d a t e  on which i t  was made. Where more than  one test 
was made on a given d a t e ,  success ive  t e s t s  were des igna ted  a s  A ,  B ,  C, 
and D.  Appendix A l i s ts  a l l  t h e  t e s t s  and the  r e a c t i o n  parameters f o r  
each t e s t .  Some d i f f i c u l t y  a t t r i b u t e d  t o  procedura l  inexper ience  occurred 
dur ing  the  e a r l i e r  t e s t s .  Once a s u i t a b l e  procedure w a s  e s t a b l i s h e d ,  
reasonable cons is tency  e x i s t e d  f o r  t h e  remainder of t h e  tests. I n i t i a l l y ,  
t he  experiment and p a r t i c l e  product ion tests were based on parameters  
t h a t  according t o  Mati jeviE [ 4 ]  produced near -spher ica l  p a r t i c l e s .  These 
parameters  included (1)  t h e  r e a c t i o n  of equal  volumes of 0.53 M sodium 
s u l f a t e  and 0.18 M f e r r i c  n i t r a t e ,  (2)  a c o n t r o l l e d  temperature r i s e  of 
1 .5O~/min,  and (3 )  a t e rmina l  temperature of 8 0 ' ~ .  f o r  s i x t y  minutes.  
Although Mat i j ev i e  used an automatic  temperature c o n t r o l l e r  t o  a s su re  
a l i n e a r  temperature r i s e ,  a manual temperature c o n t r o l  was used f o r  t he  
r e sea rch  repor ted  he re in .  The temperature r i s e  d a t a  f o r  s e l e c t e d  t e s t s  
a s  presented a s  Appendix B i l l u s t r a t e  t h e  a b i l i t y  f o r  manually main ta in ing  
the  o i l  ba th  temperature r i s e  a t  1 .5  - + O.l"c/min. Once t h e  r e a c t i o n  tem- 
pe ra tu re  of 8 0 ' ~ .  was a t t a i n e d ,  t h e  temperature c o n t r o l l e r  was capable  of 
maintaining t h e  o i l  b a t h  a t  8 0 ' ~ .  without  f u r t h e r  adjustment .  Nearly 
monodispersed p a r t i c l e s  were produced i n  a l l  t e s t s ,  b u t  no evidence of 
spher ica l  p a r t i c l e s  was noted. The o u t l i n e  of some p a r t i c l e s  c lose ly  
approximated a sphere; but ,  upon c lose r  examination, they proved t o  be 
cubes o r  t runcated cubes with opposing corners f l a t t e n e d .  The o r ien ta t ion  
of the  cubes and the  t runcat ion gave r i s e  t o  a hexagonal ou t l ine .  Further,  
the  p a r t i c l e  s i z e s  f o r  given reac t ion  periods appeared t o  be s i g n i f i c a n t l y  
smaller  than those reported by Matijevi6. 
Effec t  of Reaction Time on P a r t i c l e  Charac te r i s t i c s  
The parameters which MatijeviE employed t o  produce spher ica l  
p a r t i c l e s  of d i f f e r e n t  diameters were adhered t o  f o r  most of the  t e s t s  
during t h i s  research.  Tests  11-20A through 1-9B w e r e  made with a constant  
+3 molar r a t i o  of r ~ e  1 t o  1 S O ~ - ~ I  of 1: 2.94, and the  temperature r i s e  was 
held constant  a t  1.5 - + O.l"c/min. during these tests. The reac t ion  tem- 
pera ture  of 8 0 ' ~  was not  var ied ,  and no variance of t h i s  parameter was 
attempted during the  course of the  study. The only v a r i a b l e  changed f o r  
these tests was the  length  of time t h a t  the so lu t ions  were held a t  8 0 ' ~ ;  
t h i s  period was var ied  from 45 t o  86 minutes. Immediately a f t e r  formation, 
the  p a r t i c l e s  were v i s u a l l y  examined wi-th the e l e c t r o n  microscope; but  
a  more d e t a i l e d  examination and a n a l y s i s  was required t o  determine i f  
the  p a r t i c l e s  were a l l  the  same s i z e  and t o  check the  method of pro- 
duction f o r  r eproduc ib i l i ty .  To accomplish t h i s ,  a  number of e l e c t r o n  
micrographs were made. Several  regions on each g r i d  were photographed 
so  t h a t  a  wide range of the  p a r t i c l e s  produced i n  each t e s t  could be 
examined. Figures 1 and 2 a r e  enlarged p r i n t s  of se lec ted  micrographs 
and show the  p a r t i c l e  o u t l i n e s  f o r  two d i f f e r e n t  magnificat ions.  I n  
a l l  of the  e lec t ron  micrographs, the  p a r t i c l e s  appeared t o  be cubic i n  
Figure 1. Electron Micrographs of Test No. 1-9B, 2000X 
Figure 2.  Electron Micrographs of Test No. 1-14A, 4000X 
shape wi th  t h e  va r i ed  o r i e n t a t i o n s  producing hexagonal o u t l i n e s .  
Because of t h e  i n a b i l i t y  t o  v e r i f y  t h e  e x a c t  shape of t h e  f e r r i c  
s u l f a t e  p a r t i c l e s  w i t h  t h e  t ransmiss ion  e l e c t r o n  microscope, a d d i t i o n a l  
micrographs were made w i t h  t h e  scanning e l e c t r o n  microscope a t  the  Analyt- 
i c a l  Ins t rumenta t ion  Laboratory of t h e  Georgia Tech Engineering Experiment 
S t a t i o n .  P a r t i c l e s  from Test  1-14A, were examined, and Figure  3 shows 
two photographic p r i n t s  of t h e s e  micrographs. From Figure  3, it  can be  
seen  t h a t  t h e  p a r t i c l e s  have a b a s i c  cub ic  shape except  t h a t  each p a r t i c l e  
appears  t o  b e  a t runca ted  cube w i t h  oppos i t e  co rne r s  f l a t t e n e d  o r  missing.  
Since t h e  p a r t i c l e s  tend t o  r e s t  on a  f l a t t e n e d  co rne r ,  they  produce an  
o u t l i n e  t h a t  i s  rhombohedra1 o r  hexagonal which i s  t h e  l a t t i c e  parameter 
of f e r r i c  s u l f a t e  c r y s t a l s .  
Extensive measurements were made on t h e  micrographs of one 86- 
minute test (1-14B), two s e p a r a t e  80-minute tests (1-9B and 1-14A), one 
75-minute test (1-14D), and one 55-minute t e s t  (11-20B). The e l e c t r o n  
micrograph images were p ro j ec t ed  on a  l a r g e  screen ,  and t h e  dimensions 
of t he  p a r t i c l e  edges were measured. The dimensions on t h e  p ro j ec t ed  
images were determined through use  of a s i m i l a r l y  p r o j e c t e d  image of a 
c a l i b r a t i o n  g r id .  The p a r t i c u l a r  c a l i b r a t i o n  g r i d  used was a  28,800 l i n e -  
per-inch r e p l i c a  g ra t ing .  This  corresponded t o  0.882 pm between each 
1 i n e  . 
Table 1 shows the  r e a c t i o n  t i m e  ve r sus  t h e  apparent  cub ic  dimensions 
f o r  t he  fou r  t e s t s ,  and Figure 4 p r e s e n t s  t h e  d a t a  i n  g r a p h i c a l  form. A s  
i s  ev ident  from t h e  s t r a i g h t  l i n e  f i t t e d  t o  t h e  d a t a ,  t h e  p a r t i c l e  s i z e s  
a r e  a l i n e a r  f u n c t i o n  of t h e  r e a c t i o n  per iod .  The growth r a t e  sugges ts  
t h a t  Fe (S04)2(OH)5 molecules form and are t r anspor t ed  t o  t h e  s u r f a c e  of 3 
Figure 3 .  Scanning Electron Micrographs of Test No. 1-14A. 
Table 1. P a r t i c l e  Dimensions from Se lec t ed  Tes t s  
Tes t  No. Time Edge Length 
( m i d  (vm) 
. * , , ,Matijevlc 
(Diameter) - Edge Length 
Zeiss P .S .A.  
60 8 0 
Time (Min.) 
Figure 4 .  Particle Dimension Versus Reaction Time 
an e x i s t i n g  p a r t i c l e .  The d r i v i n g  f o r c e  f o r  c r y s t a l  growth would be t h e  
d i f f e r e n c e  i n  t h e  s o l u t i o n  concen t r a t ion  denoted a s  C(so1ution) and t h e  
c r y s t a l  su r f ace  concen t r a t ion  C(sur face) .  The r a t e  of change of mass 
would be  p ropor t iona l  t o  t h e  d i f f e r e n c e  i n  t h e s e  concen t r a t ion  g r a d i e n t s ;  
hence, 
mass 
= KA[C(solution) -  surface)] 
d t  
where K i s  the  p r o p o r t i o n a l i t y  cons t an t  and A the  a r e a  of th.e p a r t i c l e  
exposed t o  t h e  s o l u t i o n .  Assuming cubi.c p a r t i c l e s  and l e t t i n g  R r e p r e s e n t  
a n  edge then:  
where p i s  p a r t i c l e  dens i ty .  Therefore, 
3 2 
& =  K6R [AC], and 
d t  
For t h e  range  shown by t h e  d a t a  of Figure 4 i t  i s  assumed t h a t  t h e  AC 
t e r m  remains cons t an t .  A t  the  beginning of c r y s t a l  growth C(surface)  i s  
zero and near  t h e  end C(so1ution) becomes smal l .  I n  t h e s e  r eg ions  AC is  
a non-linear func t ion  of t ime. Assuming t h e  remainder of t h e  growth 
period occurs a t  constant  AC, t he  preceding equation becomes 
dR - = ~ [ A c ]  = constant  . 
d t  P 
Solving f o r  R gives the  s t r a i g h t  l i n e  equation 
For the  data given t h i s  equation is evaluated t o  be 
from which the  time of growth t o  a given p a r t i c l e  s i z e  can e a s i l y  be pre- 
dicted.  Note the  o f f s e t  of the curve i n  Figure 4 r e l a t i v e  t o  the  data  
reported by Mati jevie which is  shown f o r  comparison a s  a dot ted  l i n e .  The 
probable reason f o r  the  o f f s e t  is  t h a t  MatijeviE measured h i s  p a r t i c l e  
s i z e s  by f i t t i n g  a c i r c u l a r  aper ture  over the  p a r t i c l e  image wi th  a Z e i s s  
TGZ3 P a r t i c l e  Analyzer. This technique would ind ica te  a l a r g e r  p a r t i c l e ;  
t h a t  i s ,  i t  would show the  apparent diameter r a t h e r  than the  edge dimen- 
s ions  of the  cubes. For the t e s t s  reported here in ,  the  dimensions of the 
cube edges on the  projected image a r e  p lo t t ed  i n  Figure 4 .  
I n  order  t o  compare f u r t h e r  t h e  p a r t i c l e  dimensions t o  those report-  
ed by Matijevie, severa l  micrographs of p a r t i c l e s  with var ied  o r i e n t a t i o n s  
were measured with the Zeiss analyzer by f i t t i n g  a round aper ture  over 
the  hexagonal p a r t i c l e  contours. Because of the  d i f f e r e n t  o r i en ta t ion  
of each p a r t i c l e ,  the  measured s i z e s  showed some spread even though the  
p a r t i c l e  edge dimensions indicated  t h a t  they were e s s e n t i a l l y  monodisperse. 
This d i s t r i b u t i o n  i s  shown a s  Figure 5. The mean p a r t i c l e  s i z e  obtained 
from the  latter measurement technique is shown by t h e  square symbol on 
Flgure 4; its loca t ion  supports  t h e  contention t h a t  t h e  o f f s e t  observed 
is  a function of the  measurement technique. 
Effec t  of Molar Ratio and Acidi ty  
Mati jevie reported t h a t  the most c r i t i c a l  parameter f o r  obtaining 
spher ica l  p a r t i c l e s  w a s  a molar r a t i o  of ~ e + ?  t o   SO^-^) of 1: 2 -94. 
I n  order t o  t e s t  t h i s  spec i f i ca t ion ,  molar r a t i o s  of 1:3.10 through 1:3.47 
( t e s t  numbers 1-13, 1-14A, 1-14C, and 1-20A&B) were inves t igated .  I n  
each case the  r e s u l t a n t  p a r t i c l e s  appeared t o  be cubes, and no h i n t  of 
spher ica l  formation was observed. 
MatijeviE suggests  t h a t  the  o v e r a l l  r eac t ion  f o r  t h e  formation of 
the  major component of the f e r r i c  p a r t i c l e s  is:  
From Equation ( I ) ,  i t  can be seen t h a t  the r e s t i o n  takes place i n  an acid-  
i c  medium. I n  order t o  determine i f  the  pH is a parameter which inf luences  
the morphology of the f e r r i c  s u l f a t e  p a r t i c l e s ,  one milliliter of 0.05M 
n i t r i c  ac id  so lu t ion  was added t o  a r eac t ion  tube containing twenty m i l -  
l i l i t e r s  of the f e r r i c  n i t r a t e  and sodium s u l f a t e  so lu t ion  p r i o r  t o  heating 
-1 
( t e s t  1-20A). N i t r i c  ac id  was se lec ted  s ince  NO ions  a r e  a l ready pre- 3 
sen t  i n  the  f e r r i c  n i t r a t e  solut ion.  The only observable e f f e c t  of lower 
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pH i n  test number 1-20A was t h a t  t h e  p a r t i c l e s  formed w e r e  not  cubes. 
One major dimension was l a r g e r  than the  o the r ,  but  the  d i f ference  w a s  not  
very g rea t .  From the  r e s u l t s  of t h i s  l imi ted  t e s t  i t  does appear t h a t  
low pH may influence the  morphology of t h e  p a r t i c l e s .  
Secondary Growth 
A number of o ther  v a r i a t i o n s  w e r e  noted when Mat i jevie ' s  parameters 
were a l t e red .  For example, i n  test 11-13 the  heat ing r a t e  was permitted 
t o  exceed 1.7'C/min. ; and an abundance of secondary growth occurred i n  
addi t ion  t o  the  production of cubic f e r r i c  s u l f a t e  p a r t i c l e s .  When 
v i s u a l l y  observed i n  the  reac t ion  tube, t h i s  growth appeared a s  a gela t -  
inous porous mass. Upon c lose r  observation wi th  the e l e c t r o n  microscope, 
the  secondary growth appeared t o  be a c r y s t a l l i n e  s t r u c t u r e  with a f i n e  
needle-like shape. Even a f t e r  f i v e  washings with d i l u t e  n i t r i c  ac id  solu- 
t ion ,  t h i s  secondary growth could not  be separated from t h e  f e r r i c  s u l f a t e  
p a r t i c l e s .  Consistently,  heating r a t e s  of 1.4 t o  1.5 ' ~ / m i n ,  would i n i t i -  
a t e  secondary growth. 
Mati jevie a l s o  formed p a r t i c l e s  using f e r r i c  s u l f a t e  and urea s i m -  
i l a r  t o  t h e  ones formed with t h e  f e r r i c  n i t r a t e  and sodium s u l f a t e .  I n  
t h i s  research f e r r i c  s u l f a t e  and urea so lu t ions  were combined i n  accordance 
with the same procedure employed i n  mixing the  f e r r i c  n i t r a t e  and sodium 
s u l f a t e .  I n  two separa te  cases the  f e r r i c  s u l f a t e  so lu t ion  underwent 
r eac t ion  overnight  before the  heat ing test with urea could be made. The 
p a r t i c l e s  t h a t  formed appeared t o  be the  needle-like secondary growth 
formed i n  tests where t h e  temperature of the f e r r i c  n i t r a t e  and sodium 
s u l f a t e  so lu t ion  was increased a t  a rate higher than 1.5' c/rnin. No f u r t h e r  
t e s t s  w e r e  undertaken wi th  f e r r i c  s u l f a t e .  
Several  o the r  tests f o r  producing monodispersed p a r t i c l e s  r e su l t ed  
i n  secondary growth. Again the  secondary growth appeared t o  be needle- 
l i k e  c r y s t a l s  t h a t  massed together  i n  clumps. I n  each of these  cases,  
f e r r i c  s u l f a t e  p a r t i c l e s  were formed along with the  secondary growth. I n  
each case of secondary growth i t  is  t o  be noted t h a t  the  r e a c t a n t  solu- 
t i o n s  were about two weeks old;  t h a t  is, it had been two weeks s ince  the 
so lu t ions  had been mixed and f i l t e r e d .  For test 12-18 the  f e r r i c  n i t r a t e  
s to rage  j a r  had r e c r y s t a l l i z e d  f e r r i c  n i t r a t e  around the  g l a s s  s topper .  
Some of t h i s  got i n t o  the  r eac t ion  tube and on t h i s  run a massive amount 
of secondary growth occurred. A p o s s i b i l i t y  a s  t o  the  cause of the  second- 
a r y  growth phenomena can be obtained from a review of the  chemistry of 
f e r r i c  s u l f a t e  production. For normal f e r r i c  s u l f a t e  p a r t i c l e  growth, 
the  process i s  thought t o  be f e r r i c  ion  hydrolysis  followed by supersat-  
u ra t ion  of the  so lu t ion  with the  rise i n  temperature, and the  subsequent 
p r e c i p i t a t i o n  of f e r r i c  s u l f a t e  p a r t i c l e s .  F e r r i c  ions  a r e  found t o  hy- 
drolyze e a s i l y  a t  room temperature [251 and form i o n i c  spec ies  such a s  
+ 
F ~ o H + ~ ,  Fe(0H) , Fe(OH)2+4, and F ~ ~ ( o H ) ~ + ~ .  I n  r e l a t e d  work Mat i jevie  
[26] found t h a t  i n  t h e  production of chromium oxide s o l  p a r t i c l e s ,  Cr(OH)3 
played an important r o l e  i n  the  p r e c i p i t a t i o n  process. It was found t h a t  
a s t rand- l ike  ma te r i a l  of Cr(0H) a c t s  a s  a precursor o r  he teronuclea t ing  
3 
agent.  F e r r i c  hydroxide formed from the  hydrolys is  of f e r r i c  ion  i s  a l s o  
thought t o  play a s i m i l a r  r o l e  i n  f e r r i c  hydrous p a r t i c l e  production. 
Also, i t  has been reported t h a t  f e r r i c  hydroxide has a s t rong tendency 
t o  form supersa tura ted  so lu t ions  r 271. Not much i s  known about the high 
temperature hydrolys is  of f e r r i c  ions ,  b u t  it  i s  known t h a t  heat ing  s a l t  
so lu t ions  normally acce le ra tes  metal hydrolysis .  MatijeviE 14 1 reported 
the presence of s u l f a t e  ions  speeds t h e  condensation of the  hydrolyzed 
f e r r i c  ions ,  and t h i s  may be  the  reason f e r r i c  hydrous s o l s  form p a r t i -  
c l e s  i n  such a shor t  t i m e  (60 t o  90 minutes). Recall ing equation (1) and 
considering the  suggested o v e r a l l  mechanism, i t  appears t h a t  the  so lu t ion  
becomes more a c i d i c  a s  more p a r t i c l e s  p r e c i p i t a t e  due t o  the  evolution 
+ 
of H ions. Research on i ron  so lu t ions  by S i l l i n  and Martell [291 showed 
+ 
t h a t  i n  a c i d i c  so lu t ions  the  f e r r o u s  s u l f a t e  (FeSO ) ion  dominates. 
4 
This provides a c lue  i n t o  secondary growth. Examination of the  c r y s t a l  
s t r u c t u r e  of f e r r i c  and fe r rous  s u l f a t e  shows t h a t  f e r r i c  s u l f a t e  
(Fe(S0 ) ) has a bas ic  rhombohedra1 o r  hexagonal l a t t i c e  parameter where- 4 3 
a s  fe r rous  s u l f a t e  (FeSO )-H 0 has a monoclinic o r  elongated needle-like 
4 2 
shape. I f  the  f e r r i c  ions  undergo reduction and form fe r rous  ions  and. 
i f  the  p a r t i c l e s  form and t h e  pH drops, then the  needle-like fe r rous  
s u l f a t e  would form i n  the  l a t e r  s t ages  of the  react ion.  
S u i t a b i l i t y  f o r  Aerosol Generation 
The next phase of the  research involved checking the  p a r t i c l e s  f o r  
s torage  and f o r  use i n  test ae roso l  generation. Studies  t h a t  involve the 
inha la t ion  of insoluble  p a r t i c l e s  usual ly  require  a method f o r  d ispers ing 
the  p a r t i c l e s  i n  a dry powder form. This could involve blowing a i r  through 
a loose mass of dry powder. To determine i f  p a r t i c l e s  could be produced a s  
a loose mass of dry powder, p a r t i c l e s  were formed and washed severa l  t i m e s  
t o  remove unreacted s a l t s  which might c r y s t a l i z e  out  upon drying; then the 
p a r t i c l e s  were dried.  I n  every case  the  p a r t i c l e s  d id  not  dry a s  a loose 
powder but  s tuck together t o  form a hard r i g i d  c rus t .  Attempts t o  sepa- 
r a t e  the  p a r t i c l e s  caused them t o  break, ind ica t ing  t h a t  they were f a i r l y  
b r i t t l e  i n  charac ter .  This i n d i c a t e s  a l s o  t h a t  the  p a r t i c l e s  would be 
d i f f i c u l t  t o  prepare f o r  use i n  a  dry  d ispers ion  test where monodispersity 
was needed. 
Test ae roso l s  a l s o  can be formed by atomizing p a r t i c l e s  from a 
l i q u i d  suspension. To t e s t  t h i s  p o s s i b i l i t y ,  the  f e r r i c  s u l f a t e  par t -  
i c l e s  w e r e  d r i ed  i n  test tubes and then a t tempts  were made t o  r ed i spe r se  
them i n  var ious  so lu t ions .  Solut ions  t r i e d  were d i s t i l l e d  water ,  0.05M 
n i t r i c  ac id ,  methanol, and isopropanol.  The polar  so lven t s  such a s  the  
a lcohols  had no e f f e c t  whatsoever on the  p a r t i c l e s .  The n i t r i c  ac id  
and d i s t i l l e d  water r e a d i l y  re-dispersed the  p a r t i c l e s .  The n i t r i c  ac id  
so lu t ion  was found t o  des t roy t h e  p a r t i c l e s  a f t e r  a  long period of s t o r -  
age. The d i s t i l l e d  water had no d e s t r u c t i v e  e f f e c t  on the p a r t i c l e s .  
After one month's s to rage  i n  d i s t i l l e d  w a t e r ,  t he  p a r t i c l e s  could be 
re-dispersed e a s i l y  and s t i l l  e x h i b i t  t h e i r  b a s i c  cubic shape. A few 
p a r t i c l e s  d id  e x h i b i t  some breaking because of the  a g i t a t i o n  they received 
d a i l y .  From t h i s  t e s t  i t  appears f e a s i b l e  t o  s t o r e  the  p a r t i c l e s  i n  
d i s t i l l e d  water and t o  use them f o r  ae roso l  generation. 
Large Scale P a r t i c l e  Production 
The important parameters f o r  f e r r i c  s u l f a t e  p a r t i c l e  production 
were the  heat ing  r a t e ,  the  r eac t ion  time a t  a  p rese t  value of 80°C, 
+3 - 2 
the  r a t i o  of 1 Fe 1 t o  [SO 1 , the r e a c t i o n  pH, and the  i n i t i a l  f i l t e r i n g  4 
of fore ign p a r t i c l e s  l a r g e r  than 0.45 ym. It should be poss ib le  t o  dupli- 
c a t e  these  parameters f o r  l a r g e  s c a l e  production of monodisperse f e r r i c  
s u l f a t e  p a r t i c l e s .  No d i f f i c u l t y  would b e  expected f o r  the  mixing and 
filtering of larger volumes of the reactant solutions. The procedure 
would be essentially the same as that described in Chapter I11 except 
that greater volumes and larger equipment would be employed. Since 
a molar ratio of 1:2.94 produced a monodispersed sol, equal volumes of 
0.53M sodium sulfate and 0.18M ferric nitrate could be combined just 
prior to reaction. The pH control poses no problem because the reaction 
adjusts its own pH. Because of the dominant effect of pH on the formation 
of monoclinic ferrous sulfate, care would have to be taken to use only 
fresh solutions to insure a minimum of ferrous ion. The only reaction 
parameter that may be difficult for increased reaction volumes would be 
the necessity for assuring a consistent temperature throughout the solu- 
tion during reaction. It was found that the heating rate played an 
important part in particle formation, and the length of time at 80'~ was 
the deciding factor for obtaining a given size particle. 
The reaction must proceed without hot and cold spots which could 
affect the size of the particles. It is recommended that increased reac- 
tion volume be obtained by constructing a reactor of coiled tubing, perhaps 
of pyrex glass, which could be filled with a pre-mixed solution of ferric 
nitrate and sodium sulfate. The coil then would be immersed in a heating 
bath that was regulated with a linear temperature controller. The entire 
length would have to be heated and maintained at the proper temperature 
with very little variation anywhere in the tube. The heating bath would 
have to be provided with a suitable agitation mechanism to assure that 
no hot or cold spots formed anywhere along the immersed tube. The tube 
could be emptied, rinsed in cleaning solution, rinsed in distilled water, 
and dried. Then the reaction could be repeated for the same length of 
time. The more reac t ion  volume needed, the  longer the  network of tubes 
would have t o  be. Also, more heat  would be required t o  maintain a constant  
r a t e  of temperature r i s e  and a constant  r eac t ion  temperature. T t  i s  sug- 
gested tha t  25 nnn tubing be used i n i t i a l l y  s ince  t h i s  is the  diameter of 
t h e  reac t ion  tubes used i n  t h i s  research.  
The l a r g e  s c a l e  production of f e r r i c  s u l f a t e  p a r t i c l e s  appears 
f e a s i b l e  provided t h e  heat ing problem can be handled without excessive 
and e labora te  equipment. A tendency f o r  secondary growth was noticed 
when old so lu t ions  o r  contaminated apparatus were employed. Because 
of t h i s ,  c leanl iness  should receive s p e c i a l  a t t e n t i o n ,  and f r e s h  solu- 
t i o n s  should be used f o r  l a rge  s c a l e  p a r t i c l e  production. Because of the  
exce l l en t  r eproduc ib i l i ty  from test t o  test f o r  a given set of parameters, 
l a rge  s c a l e  production of s p e c i f i c  p a r t i c l e  s i z e s  could be accomplished 
a s  needed with a batch type setup.  This would preclude the  necess i ty  
f o r  a l a rge  production c a p a b i l i t y  and long s to rage  t i m e s .  
CHAPTER V 
CONCLUSIONS 
The conclusions r e s u l t i n g  from t h i s  work may be summarized a s  
follows : 
1. Essen t i a l ly  monodispersed f e r r i c  s u l f a t e  p a r t i c l e s  can be gen- 
e ra ted  with good p a r t i c l e  s i z e  reproduction. 
2. Because of the linear relationship b e t w e e n  reaction t i m e  and  
p a r t i c l e  s i z e ,  predetermined p a r t i c l e  s i z e s  can be generated. 
+3 - 2 3.  A small change i n  the  r a t i o  of [Fe 1 t o  [SO ] caused 
4 
l i t t l e  change i n  e i t h e r  p a r t i c l e  morphology o r  s i z e .  
4. For the  var ious  molar concentrat ions t e s t e d  and f o r  r eac t ion  
t i m e s  up t o  86 minutes, s p h e r i c a l  p a r t i c l e s  were not  produced. Instead,  
cub ica l  o r  t runcated cub ica l  p a r t i c l e s  w e r e  the  predominate shapes. 
5 .  F e r r i c  s u l f a t e  p a r t i c l e s  can be s to red  i n  d i s t i l l e d  water f o r  
reasonable periods of time and appear t o  be s u i t a b l e  f o r  test ae roso l  
generation. 
6 .  F e r r i c  s u l f a t e  p a r t i c l e s  tend t o  adhere and even t o  fuse  t o  
one another when d r i ed  and, the re fo re ,  a r e  not  s u i t a b l e  f o r  dry dispersion.  
7. Secondary growth tends t o  occur i f  so lu t ions  a r e  premixed 
and s to red  over periods exceeding 1-2 weeks. 
8. I f  t he  i n i t i a l  temperature rise r a t e  is  too high, secondary 
growth i s  enhanced. 
9 .  Secondary growth appears t o  a r i s e  from the  reduction of f e r r i c  
ion t o  fe r rous  ion and t o  r e s u l t  i n  a predominance of f e r rous  s u l f a t e  
p a r t i c l e s  . 
10. Monodispersed p a r t i c l e s  of various s i z e s  can be reproduced 
using r e l a t i v e l y  simple methods and equipment. 
11. P a r t i c u l a r  a t t e n t i o n  t o  c lean l iness  is  necessary f o r  con- 
s i s t e n t  p a r t i c l e  production. 
12. The growth r a t e  f o r  t h e  range s tudied fol lows the  equation 
R=0.030509 t - 0.90, where R is  the edge length i n  micrometers and t 
the  t i m e  i n  minutes. 
CHAPTER VI 
RECOMMENDAT IONS 
As a result of this research, a number of recommendations can be 
made as follows: 
1. Additional tests with reaction times exceeding 80 to 90 minutes 
should be performed in order to determine if particles with greater spher- 
icity can be formed. 
2. Tests with diluted reaction solutions can be performed to 
determine if the growth of particle agglomerates can be reduced. 
3. Atomizing tests should be performed with ferric particles in 
order to determine the feasibility of using them as monodispersed test 
aerosols. 
4. Additional studies should be performed with aluminum and chro- 
mium sols to determine if they might be produced on a larger scale also. 
5. Additional tests on metal hydrous oxide sol formation should 
be undertaken with the aid of a linear temperature programmer since the 
rate of heating plays an important role in particle formation and in 
secondary growth. 
APPENDIX A 
LIST OF HYDROUS OXIDE SOL TESTS 
Table 2. React ion Parameters f o r  F e r r i c  Hydrous Oxide So l  Product ion 
Tes t  No. Heating React ion Molar Reaction Comments 
Rate Time Rat io  Volume 
( OCIM) (Min . ) (a 
FeSO + UREA (FeSO formed precip-  
4 4 i t a t e  overn ight ;  no hea t  appl ied)  
Secondary growth appeared 
Cubic shaped p a r t i c l e s  v i s u a l l y  
observed i n  e l e c t r o n  microscope 
Transfer red  p a r t i c l e s  t o  g r i d s  
Transfer red  p a r t i c l e s  on grids-- 
p a r t i c l e s  ve ry  sma l l  
Bad amyl a c e t a t e  caused deformed 
g r i d  s t r u c t u r e  
Bad amyl a c e t a t e  caused deformed 
g r i d  s t r u c t u r e  
I n s u f f i c i e n t  wash ( 1  wash). Sodium 
n i t r a t e  c r y s t a l s  formed. 
Used p i p e t t e  f o r  more p r e c i s e  molar 
r a t i o  
Uneven h e a t  rate gave very  small 
p a r t i c l e  
12-10 1.5 6 6 1:2.94 20 Very good cubes. P a r t i c l e s  washed 
3 times. 
Table 2. (continued) 
Tes tNo .  Heat ing React ion Molar React ion Comments 
Rate Time Rat io  Vo lume 
( "C/M (Min . ) (ml) 
Much secondary growth. Rate 
was 1.9 Q 5 min., o l d  s o l u t i o n s  
Secondary growth, o ld  s o l u t i o n s  
Much secondary growth, o l d  solu- 
t ions--dried on g l a s s  top  
No g r i d s  a v a i l a b l e ,  v i s u a l l y  observed 
on old g r i d s ,  p a r t i c l e s  appeared good. 
No g r id s  a v a i l a b l e ,  v i s u a l l y  observed 
on old g r i d s ,  p a r t i c l e s  appeared good. 
No g r i d s  a v a i l a b l e ,  v i s u a l l y  observed 
on old g r i d s ,  p a r t i c l e s  appeared good. 
No g r i d s  a v a i l a b l e ,  v i s u a l l y  observed 
on old g r i d s ,  p a r t i c l e s  appeared good. 
Very good and c l e a r ,  prepared g r i d s  
f o r  photography 
80 ml. i n  a Erlynmeyer f l a s k ,  o ld  
Fe s o l u t i o n  - much secondary growth 
Good monodispersed c u b i c a l  p a r t i c l e s  
1-14B 1.4 8 6 1: 2.94 20 Good monodispersed c u b i c a l  p a r t i c l e s  
Table 2. (continued) 
Test No. Heating Reaction Molar Reaction Comments 
Rate T i m e  Ratio Volume 
( OCIM) (Min . ) (d) 
20 Good monodispersed cubical  p a r t i c l e s  
Good monodispersed cubical  p a r t i c l e s  
Added H', good monodispersed, almost 
cubical  p a r t i c l e s  
1- 20B 1.4 6 3 1:3.27 20 Good monodispersed cubical  p a r t i c l e s  
APPENDIX B 
HEATING RATES FOR SELECTED TESTS 
Table 3. Temperature Rise Rate; 20.5'~ to 80'~; Test Nos. 1-8A and 1-8B. 
~ -- 
Time Temp. Time Temp. Time Temp. Time Temp. 
(dn) (O c j  (min) (O c j  (min) (Ocj (min) <"cj 
14 41.8 23 54.8 3 2 68.0 
Notes: (1) Reaction Time for Test No. 1-8A was 69 minutes. 
(2) Reaction Time for Test No. 1-8B was 73 minutes. 
(3) Average temperature rise rate was 59.50'~ + 39.75 min. = 
1.4968'c/min. 
40 6 0 
Temperature ( O C )  
Figure 6. Initial Heating Rate for Test Nos. 1-8A and 1-8B 
T a b l e  4.  Tempera tu re  R i s e  R a t e ;  2 1 . 8 ' ~  t o  8 0 ' ~ ;  T e s t  nos .  1-9A and  1-9B. 
Time Temp. Time Temp. Time Temp. Time Temp. 
(min) (Oc) (min) (OC) (min) (OcC> (mi n) ("1 
11 39.6 20 53.5 3 2 67 .O 
1 2  40 .9  2 1  5 4 . 1  3 3 68.6 
4 26.6 1 3  4 2 . 1  22 54.9 34  70 .1  
5 29 .O 1 4  43.4 24 56.6 36 73.7 
6 3 1 . 1  1 5  44.9 2 5 58.0 37 75 .1  
7 33 .4  1 6  46.4 26 59.8 3 8 77 .O 
8 35.1 1 7  48.0 27 61.2 39 78.6 
9 37 .0  18 50.0 28 61.9 39.92 80 .0  
1 0  38.2 1 9  52.0 30  63.7 
Notes :  (1) R e a c t i o n  Time f o r  T e s t  No. 1-9A was  75 m i n u t e s  
(2 )  R e a c t i o n  Time f o r  T e s t  No. 1-9B was  78 m i n u t e s  
(3) Average  t e m p e r t u r e  rise rate was  5 8 . 2 0 ' ~  39.92 rnin. = 1 . 4 5 8 ~ ~ I m i n .  
Temperature ( OC) 
Figure 7. Initial Heating Rate for Test Nos. 1-9A and 1-9B 
Table 5. Temperature Rise Rate; 24'~ to 80'~; Test No. 12-10 
Time Temp. Time Temp. Time T ~ P  Time Temp . 
(min) ("c> (min) (OC) ( C> (min) ('c) 
Notes: (1) Reaction Time for Test No. 12-10 was 66 minutes. 
(2) Average temperature rise rate was 56'~ : 37.4 min, = 1.497'C/min. 
4 0 6 0 
Temperature ( OC) 
Figure 8. Initial Heating Rate of Test No. 12-10 
Table 6 .  Temperature Rise Rate; 25'~ to 80'~; Test Nos. 1-20A and 1-20B. 
Time Temp. Time Temp. Time T ~ P  Time Temp. 
(min) ("c) (min) ( O C )  (min) ( C) (min) ( "c) 
10 38.0 21 55 .O 
Notes: (1) Reaction Time for Test No. 1-20A was 70 minutes. 
(2) Reaction Time for Test No. 1-20B was 63  minutes. 
(3) Average temperature rise rate was 55 .O"C 5 38.5 min. = 1.43"c/min. 
Temperature ( O C )  
Figure 9. Initial Heating Rate for Test Nos. 1-20A and 1-20B 
BIBLIOGRAPHY 
1. Mati jevi6,  E. and Demchak, R., "Prepara t ion  and P a r t i c l e  S i z e  Analysis  
of Chromium Hydroxide Hydrosols of Narrow S i z e  D i s t r i b u t i o n s ,  "J. 
Col lo id  I n t e r f a c e  Sc i .  31, October 1969, 257. 
2. Mat i jev ie ,  E. and McFadyen, P. ,  "Copper Hydrous Oxide So l s  of Uniform 
P a r t i c l e  Shape and S ize ,  "J. Co l lo id  I n t e r f a c e  Sc i .  - 44, J u l y  1973, 95. 
3. Brace, R. and Matiievi6, E . ,  "Aluminum Hydrous Oxide So l s  - I, Spher- - - 
i c a l  P a r t i c l e s  of Narrow s i z e  ~ i s t r i b u t i b n ,  "J. Inorg .  Nucl. Chem. 2, 
1973, 3691. 
4. Mat i jev ie ,  E., Sapieszko, R. S. ,  and Melv i l l e ,  J. B . ,  "Fe r r i c  Hydrous 
Oxide Sols .  I. Monodispersed Bas ic  I r o n  (111) S u l f a t e  P a r t i c l e s , "  
J. Colloid I n t e r f a c e  S c i .  50, March 1975, 567. 
5. Enkistriin, B. V. and Turkevich, J.,  "Coagulation of C o l l o i d a l  Gold," 
J. Am. Chem. Soc. 85, 1963, 3317. 
6. Wati l lon,  A. and Dauchot, J., "Optical  P r o p e r t i e s  of Selenium Sols:  
I1 Prepa ra t ion  and P a r t i c l e  S i z e  Di s t r ibu t ion , "  J. Col lo id  and I n t e r -  
f ace  Sc i .  27, 1968, 507. 
7. Bechtold, M. F. and Snyder, 0. E . ,  U. S. Pa t en t  2,574,902. 
8 .  St'dber, W . ,  Fink, A . ,  and Bohn, E., "Controlled Growth of  Monodisperse 
S i l i c a  Spheres i n  t h e  Micron S i z e  Range, "J. Col lo id  and I n t e r f a c e  
Sc i .  26 1968, 62. --9 
9. Bar thol in ,  M. and Guyat, A . ,  "Prepara t ion  of Uniform S i l i c a  Spheres," 
Col lo id  Polym. Sci . ,  253(8), Aug. 19'75, 623-634. 
10. O t t e w i l l ,  R. H. and Woodbridge, R. F., "The P repa ra t ion  of Monodis- 
p e r s e  S i l v e r  Bromide and ~ i l i e r  Iod ide  So l s ,  "J, Co l lo id  Sc i .  - 16,  
1961, 581. 
11. Johnson, I. and LaMer, V. K., "The Determination of t h e  P a r t i c l e  
S i z e  of Monodispersed Systems by t h e  S c a t t e r i n g  of ~ i g h t , "  J. Am. 
Chem. Soc. - 69, 1947, 1184. 
12. Rowell, R. L. ,  Kra tohvi l ,  J. P . ,  and Kerker,  M., "Time Dependence 
of P a r t i c l e  S i z e  D i s t r i b u t i o n  and Number Concentrat ion i n  LaMer 
S u l f u r  Sols ,"  J. Co l lo id  and I n t e r f a c e  Sc i .  27, 1968, 501. 
13. Takiyama, K., ".Formation and Aging of P r e c i p i t a t e s .  I X  Formation 
of Monodispersed P a r t i c l e s ( 2 )  Barium S u l f a t e  P r e c i p i t a t i o n  by EDTA 
Method," Bul l .  Chem. Soc. Japan - 31, (1958), 950. 
14. Bradford, E. B. and Vanderhof, J .  W . ,  "Electron Microscopy of Mono- 
d ispersed  Latexes," J. Appl. Phys. - 26: 864-871 (1955). 
15. Burgess, W. A. and Re i s t ,  P. C . ,  "Atomization of Aqueous Suspensions 
of Polystyrene Latex P a r t i c l e s , "  J. Col lo id  I n t e r f a c e  Sc i .  &: 271- 
273 (1967). 
16. MatijeviE, E . ,  Larson, R. I., and Kra tohvi l ,  S. ,  "Charac ter iza t ion  
and S t a b i l i t y  of Chromium Hydroxide So l s  of Narrow S i z e  D i s t r i b u t i o n s , "  
J. Col lo id  I n t e r f a c e  S c i .  36, June 1971, 273. 
1 7 .  Catone, D. L. and MatijeviE, E., "Aluminum Hydrous Oxide Sols :  11. 
Prepa ra t ion  of Uniform Sphe r i ca l  P a r t i c l e s  by Hydrolysis  of A 1  sec- 
Butoxide," J. Col lo id  I n t e r f a c e  Sc i .  - 48, August 1974, 291. 
18. Watson, J. H. L., Ca rde l l ,  R. R., and Heller, W . ,  "The I n t e r n a l  S t ruc-  
t u r e  of Co l lo ida l  C r y s t a l s  of B-FeOOH and Remarks on Thei r  Assemblies 
i n  S c h i l l e r  Layers," J. Phys. Chem. - 66, (1962),  1757. 
19. Spi ro ,  T. G . ,  Pope, L . ,  and Saltman, P., "The Hydroly t ic  Polymeriza- 
t i o n  of F e r r i c  C i t r a t e .  I. The Chemistry of t h e  Polymer," J. Amer. 
Chem. Soc. 89, (1967), 5555. 
20. Atkinson, R. J., Posner,  A. M., and Quirk, J. P. ,  "Crys ta l  Nucleat ion 
i n  Fe(II1)  So lu t ions  and Hydroxide Gels," J. Inorg .  Nucl. Chem. 30, 
(1968), 2371. 
21. Speights ,  R. and Zief ,  M., U l t r a p u r i t y :  Methods and Techniques, Marcel 
Dekker, Inc . ,  New York, 1972. 
22. Kay, Desmond, Techniques f o r  E lec t ron  Microscopy, F. A. Davis Company, 
Phi lade lphia ,  Pennsylvania,  1965. 
23. O r r ,  Clyde, Jr. and DallaValle ,  J. M., F ine P a r t i c l e  Measurement, 
Macmillan Company, New York, 1959. 
24. Donohue, J e r r y ,  The S t r u c t u r e  of t he  Elements, John Wiley & Sons, New 
York, 1974. 
25. Lamb, A. B. and Jacques,  A. G . ,  "The Slow Hydrolysis  of F e r r i c  Chloride 
i n  D i l u t e  Solu t ion ,"  J. A m e r ,  Chem. Soc. - 60, (1938),  967. 
26. Fullam, E. F., Larson, R. I., Lindsay, A.D. and Mati jeviE,  E., "Par t i -  
c l e  S i ze  Analysis  and S t r u c t u r e  of Chromium Hydrous Oxide So l s  i n  t h e  
S ize  Range of Less  than  0 .5  pm," AIChEJ. 19, (1973), 602. 
27. Sylva, R. N. ,  "The Hydrolysis  of I r o n , "  Rev. Pure Appl. Chem. - 22,
(1972), 115. 
28. S i l l e n ,  L. G. and Martell, A. E., S t a b i l i t y  Constants  of Metal-Ion 
Complexes, S p e c i a l  Publ.  No. 17 ,  The Chemical Socie ty ,  London, 1964. 
